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Current strategies to direct therapy-loaded nanoparticles to the
brain rely on functionalizing nanoparticles with ligands which bind
target proteins associated with the blood–brain barrier (BBB).
However, such strategies have significant brain-specificity limita-
tions, as target proteins are not exclusively expressed at the brain
microvasculature. Therefore, novel strategies which exploit alter-
native characteristics of the BBB are required to overcome nonspe-
cific nanoparticle targeting to the periphery, thereby increasing
drug efficacy and reducing detrimental peripheral side effects.
Here, we present a simple, yet counterintuitive, brain-targeting
strategy which exploits the higher impermeability of the BBB to
selectively label the brain endothelium. This is achieved by har-
nessing the lower endocytic rate of brain endothelial cells (a key
feature of the high BBB impermeability) to promote selective re-
tention of free, unconjugated protein-binding ligands on the sur-
face of brain endothelial cells compared to peripheral endothelial
cells. Nanoparticles capable of efficiently binding to the displayed
ligands (i.e., labeled endothelium) are consequently targeted spe-
cifically to the brain microvasculature with minimal “off-target”
accumulation in peripheral organs. This approach therefore revo-
lutionizes brain-targeting strategies by implementing a two-step
targeting method which exploits the physiology of the BBB to
generate the required brain specificity for nanoparticle delivery,
paving the way to overcome targeting limitations and achieve
clinical translation of neurological therapies. In addition, this work
demonstrates that protein targets for brain delivery may be iden-
tified based not on differential tissue expression, but on differen-
tial endocytic rates between the brain and periphery.

blood–brain barrier | microvasculature labeling | differential endocytic
rate | brain-specific target generation | nanoparticle brain delivery

Treatment of neurological disorders, such as Alzheimer’s dis-
ease and Parkinson’s disease, is severely hindered by the poor

penetration of the vast majority of potential therapies into the
brain due to the presence of the blood–brain barrier (BBB), a
highly impermeable cellular barrier composed primarily by the
specialized endothelial cells (ECs) lining the brain microvascu-
lature (1, 2). Therefore, strategies are needed to actively and
specifically transport therapies across the BBB to successfully
combat these conditions. The application of nanotechnology in
the medical field has achieved modest success in delivering
therapies into the brain by designing nanoparticles conjugated
with ligands targeting proteins associated with the BBB (e.g.,
LRP1, TfR1, Glut1, and SLC7A5) (3–6). However, such strate-
gies have significant brain-specificity limitations, as protein ex-
pression is not limited to the BBB. For instance, LRP1/TfR1,
Glut1, and SLC7A5 are also highly expressed on lung, kidney,
and intestine epithelium/endothelium, respectively (7–10),
leading to high “off-target” accumulation of functionalized
nanoparticles into peripheral organs (11). Exemplifying such
limitation, functionalization of nanocarriers with peptide ligands
targeting TfR1/RAGE has recently been shown to significantly

increase nanocarrier accumulation in the brain (circa [c.] threefold).
However, peptide functionalization resulted in stronger targeting
(c. 10-fold) of nanocarriers into the lung (12). Such peripheral ac-
cumulation limits the clinical translation of therapies by reducing
the therapeutic dose reaching the brain and increasing detrimental
peripheral side effects (13, 14). Therefore, novel strategies which
harness alternative BBB characteristics other than expression levels
of BBB-associated proteins are required to achieve truly specific
brain targeting of nanoparticles with minimal increase in peripheral
uptake.
As such, the high impermeability of the BBB may, counter-

intuitively, be exploited to specifically deliver nanoparticles to
the brain by selectively labeling the brain endothelium. A crucial
requirement for the high impermeability of the BBB is a mark-
edly reduced level of constitutive endocytosis into brain ECs
compared to peripheral ECs (15–17). This differential endocytic
rate may therefore be harnessed to endocytose, and hence
remove, free, unconjugated protein-binding ligands at a faster
rate from the surface of peripheral endothelium than from brain
endothelium, resulting in ligand retention specifically at the
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surface of brain ECs. Nanoparticles capable of efficiently binding
to the displayed ligands (i.e., labeled endothelium) by function-
alization with a ligand-recognizing linker are consequently tar-
geted specifically to the brain microvasculature with minimal
“off-target” accumulation in peripheral organs.
Here, we present in vitro and in vivo data demonstrating the

feasibility of such brain-targeting strategy by selectively labeling
brain ECs with biotinylated ligands to promote targeting of
avidin-functionalized polymeric nanomicelles specifically to the
brain microvasculature with minimal targeting into peripheral
organs.

Results
Nanomicelle Synthesis, Functionalization, and Characterization. In
order to create nanoparticles capable of recognizing biotinylated
targets on ECs, avidin-functionalized nanomicelles (avidin-NMs)
were synthesized by reacting N3-decorated PEG-ylated polyion-
complexed nanomicelles with dibenzocyclooctyne (DBCO)-
avidin (Fig. 1A). The resulting avidin-NMs had a hydrodynamic
diameter (Z-average) of 44.6 ± 4.3 nm with a monodispersed size
distribution, as determined by single-peak dynamic light scattering

(DLS) histogram distributions (as percent volume) and a polydis-
persity index (PDI) value of 0.149 ± 0.02 (Fig. 1B and Table 1). The
spherical morphology of the nanomicelles was further confirmed
through transmission electron microscopy (TEM), demonstrating
well-dispersed individual nanomicelles with a core diameter (cal-
culated as number average) of 22.4 ± 0.3 nm (Fig. 1C and Table 1).
Z-potential measurements indicated that the avidin-NMs had a
near neutral surface charge (Table 1).
Appropriate functionalization of avidin proteins onto the

nanomicelle surface was confirmed by tracking the movement of
individual avidin proteins (fluorescein isothiocyanate [FITC]-
tagged) through fluorescence correlation spectroscopy (FCS).
Reaction of avidin-DBCO with N3-nanomicelles resulted in a
marked right shift in the autocorrelation curve of avidin (Fig. 1D,
blue plot) compared to free avidin proteins (Fig. 1D, red plot),
which translated to an increase in diffusion time from 228 ±
25 μs to 1,577 ± 78 μs (Table 2). Furthermore, the autocorre-
lation curve of avidin-NM obtained through FITC detection
(i.e., detecting avidin movement) closely followed the autocor-
relation curve obtained through detection of Cy5 (i.e., detecting
nanomicelle movement) (Fig. 1D, magenta plot), demonstrating
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Fig. 1. Synthesis and characterization of avidin-NMs. (A) Polymeric nanomicelles were assembled from oppositely charged ionic block-copolymers consisting
of a PEG block attached to either an anionic (PEG-polyanion) or cationic (PEG-polycation) poly-amino acid block. The nanomicelle structure was stabilized by
cross-linking adjacent amino acid polymers through EDC coupling. PEG-polyanions were capped with an azide (N3) group to allow binding of DBCO-linked
proteins onto the nanomicelle surface through Click chemistry. PEG-polycations were tagged with a Cy5 fluorophore for fluorescence labeling of the
nanomicelle core. (B and C) The size and monodispersity of the protein-functionalized nanomicelles was characterized through DLS (B) and TEM (C). (D and E)
Protein functionalization was verified and quantified through FCS (through detection of FITC signal from free or nanomicelle-bound avidin, as well as Cy5
signal from nanomicelles) (D) and analytical ultracentrifugation (E). Results represent averages of six (B and D), three (Cy5 detection in D), or one
(E) independent nanomicelle syntheses.
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proper functionalization of avidin proteins onto the nano-
micelles. FCS was further employed to calculate the function-
alization number of avidin proteins per nanomicelle by dividing
the FITC fluorescence counts per molecule (cpm) obtained from
avidin-NMs by the cpm of free avidin proteins, yielding a func-
tionalization number of 3.8 ± 0.7 avidin proteins per nanomicelle
(Table 2). Avidin functionalization number was further con-
firmed through analytical ultracentrifugation (AUC), which
demonstrated an increase of 1.5 Svedberg units in the sedi-
mentation coefficient between blank and avidin-NMs (Fig. 2E),
translating to a molecular-mass difference of 191 kDa (Table 3).
Taking the molecular mass of individual (deglycosylated) avidin
proteins as 60 kDa, AUC indicated a functionalization number
of 3.2 avidins per nanomicelle, closely matching the estimation
obtained through FCS.

Specific Avidin-NM Internalization into Brain ECs through Selective
Retention of Cell-Surface Biotin Targets. Following confirmation
of avidin functionalization onto N3-decorated nanomicelles, the
ability of avidin-NMs to be internalized into brain ECs displaying
biotin targets was examined in vitro. To this end, biotin targets
were generated on the cell surface of primary brain ECs through
conjugation of the cell-impermeable reagent sulfosuccinimidyl-
6-[biotin-amido]hexanoate (sulfo-NHS-LC-biotin) to cell-membrane
proteins. Cell-surface biotin targets induced a significant increase in
avidin-NM internalization compared to blank (i.e., nonfunctionalized)
nanomicelles (blank-NMs), as demonstrated by a marked time-
dependent increase in cell-associated Cy5 fluorescence over a 4-h
period (Fig. 2A). Avidin-NM internalization was specifically medi-
ated by the avidin–biotin interaction, as no increase in avidin-NM
internalization was seen in ECs lacking biotin targets (Fig. 2B).
Furthermore, the avidin-NM uptake was significantly inhibited by
incubation at 4 °C (Fig. 2B), demonstrating the requirement of an
energy-dependent endocytic process for avidin-NM internalization.
The active internalization of avidin-NMs was further confirmed
through confocal laser-scanning microscopy (CLSM) of ECs following
4-h nanomicelle treatment. Both biotin-displaying ECs treated with
blank-NMs (Fig. 2C) and control ECs treated with avidin-NMs
(Fig. 2D) had negligible Cy5 fluorescence compared to biotin-
displaying ECs treated with avidin-NMs (Fig. 2E). Furthermore,
Cy5 fluorescence (i.e., nanomicelle signal) of biotin-displaying ECs
treated with avidin-NMs strongly colocalized with FITC fluorescence
(i.e., avidin signal) within the cells (SI Appendix, Fig. S1 A–C), indi-
cating that the avidin-NM complex entered the cells as a unit. Im-
portantly, while there was still Cy5 fluorescence in biotin-displaying
ECs treated with avidin-NMs at 4 °C, fluorescence was limited to the
EC wall with no localization in the cytosol (Fig. 2F; expanded image,
colocalization with FITC signal, and cell-body visualization through
Cell Mask staining and phase-contrast microscopy in SI Appendix, Fig.
S1 D–H), demonstrating that avidin-NMs are able to bind to the cell-
surface biotin targets, but are not internalized under energy-depleting
conditions. While we have previously demonstrated that isolated pri-
mary brain ECs retain a strong BBB phenotype (6), we cannot discard
the possibility that a certain amount of dedifferentiation might occur
during isolation (18), which would increase the endocytic capacity of
cultured brain ECs.

Similarly to brain ECs, cell-surface biotin-target generation
on peripheral ECs induced a significant increase in avidin-NM
internalization in an energy-dependent manner (SI Appendix,
Fig. S2).
Following confirmation of avidin-NM internalization through

biotin-target generation on both brain and peripheral ECs, the
ability of the lower endocytic rate of brain ECs to promote re-
tention of the biotin target on the cell surface of brain ECs
compared to peripheral ECs as a function of time was examined.
To this end, biotin targets on the cell surface of brain and pe-
ripheral ECs were generated as before. However, the cells were
then incubated for increasing time periods to allow for biotin-
target removal (endocytosis) before treatment with avidin-NMs.
Quantification of Cy5 fluorescence (above ECs without biotin
targets) indicated that the internalization of avidin-NMs by biotin
targets was lost at a significantly faster rate in peripheral ECs
compared to brain ECs (Fig. 2G), so that at 8 h postbiotinylation,
peripheral ECs had only 35.5% of the initial avidin-NM targeting
(Fig. 2H). Conversely, the avidin-NM internalization response in
brain ECs did not decrease as a function of time (Fig. 2G). Inter-
estingly, there was actually a small, yet significant, enhancement in
avidin-NM uptake in brain ECs compared to the initial internalization
response (Fig. 2H). CLSM imaging confirmed that avidin-NM uptake
into peripheral ECs reverted close to control levels when treated at 8 h
following biotin-target generation, while brain ECs had comparably
high avidin-NM uptake at both 0 and 8 h following biotin-target
generation (Fig. 2I).

In Vivo Nanoparticle Brain Targeting through Selective Target Display
on the Brain Microvasculature of Mice. Next, whether nanoparticles
could be targeted to the brain through generation of brain-
specific targets was examined in vivo. To this end, biotin tar-
gets on microvascular ECs of both the brain and peripheral or-
gans were generated by employing a biotinylated anti-PECAM-1
antibody (biotin–α-PECAM1) to promote uptake of avidin-NMs.
Firstly, the temporal dynamics of α-PECAM1 antibody bind-

ing to the microvasculature were examined by visualizing the
earlobe microvasculature of mice. Fluorescently labeled
α-PECAM1 was detected by in vivo CLSM circulating within the
vascular lumen (artery) within 10 s following intravenous (i.v.)
injection (Fig. 3 A and B, yellow arrow). Antibodies began to
accumulate on the arterial vascular wall within 20 s (Fig. 3C,
yellow arrowheads) and on the venous vascular wall within 40 s
(Fig. 3E, red arrowheads). By 10 min, the antibodies were de-
tected lining both arterial and venous vascular walls (Fig. 3I,
yellow and red arrowheads, respectively). By 1.5 h, the vascular
wall localization of the antibodies was further pronounced, with
minor antibody detection within the vascular lumen (Fig. 3J),
indicating that the majority of the antibodies present were as-
sociated with the vascular walls (i.e., ECs) and a comparably
negligible number of antibodies remained circulating in the
bloodstream. Because of its relatively low resolution, in vivo
CLSM does not allow for accurate discrimination between an-
tibodies bound to the EC wall and antibodies internalized into
the ECs. Therefore, the degree of label display with respect to
time was not able to be measured.
Secondly, the ability of cell-surface-bound biotin–α-PECAM1

to induce cellular internalization of avidin-NMs was examined
in vitro. Display of biotin–α-PECAM1 on the cell surface of

Table 1. Characterization of avidin-NM size, distribution (n = 6
independent syntheses), and Z-potential (n = 2) through DLS and
core-size quantification through TEM (quantified from 369
individual nanomicelles)

Sample
Hydrodynamic size
(Z-average), nm PDI

Z-potential,
mV

Core size,
nm

Avidin-
NMs

44.6 ± 4.3 0.149 ± 0.02 0.11 ± 0.91 22.4 ± 0.27

Table 2. Quantification of avidin functionalization by FCS
(n = 6 independent syntheses)

Sample Diffusion time, μs Cpm Avidin per nanomicelle

Free avidin 228 ± 24.9 4.7 ± 0.3 —

Avidin-NMs 1,577 ± 77.9 17.8 ± 3.8 3.8 ± 0.7
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brain ECs led to a dose-dependent increase in avidin-NM uptake
(Fig. 4A). Furthermore, CLSM visualization revealed that avidin-
NMs were not limited to the cell surface, but were properly

internalized into brain ECs (Fig. 4B), similar to internalization in-
duced by indiscriminately biotinylating surface proteins to generate
biotin targets (Fig. 2).
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Targeting of avidin-NMs to the brain through increased re-
tention of biotin–α-PECAM1 on the brain microvasculature was
then examined by i.v. injecting BALB/c mice with free, uncon-
jugated biotin–α-PECAM1, followed by i.v. injection of avidin-
NMs at increasing time periods (SI Appendix, Fig. S3). Quanti-
fication of Cy5 fluorescence in harvested organs revealed that
avidin-NMs injected a short time period (15 min) following
biotin–α-PECAM1 injection had increased targeting into the
lung, heart, pancreas, and brain, with no targeting seen for the
liver, kidney, spleen, and muscle (Fig. 4C and SI Appendix, Fig.
S4) (pancreatic targeting reached statistical significance through
a Student’s t test, though marginally failed to reach statistical sig-
nificance through an ANOVA). Importantly, this biodistribution
pattern was also seen in independent experiments employing
biotin–α-PECAM1 preconjugated to avidin-NMs before injection
into mice (SI Appendix, Fig. S5), indicating that the short-time-period
biodistribution pattern was due to differences in microvascular ex-
pression of PECAM1 and not due to artifactual effects associated
with circulating biotin–α-PECAM1 antibodies. Furthermore, pre-
liminary experiments demonstrated biotin–α-PECAM1 administra-
tion dose-dependently increased avidin-NM accumulation into the
brain and lung (SI Appendix, Fig. S6)
While injection of avidin-NMs a short time interval following

unconjugated biotin–α-PECAM1 injection resulted in significant
nanomicelle targeting into peripheral organs in addition to the
brain, increasing the time interval between injections induced a
marked decrease in nanomicelles targeting to the lung (−21.5 ±
8.0% per h), heart (−6.7 ± 2.3% per h), and pancreas (−4.7 ±
3.4% per h), while targeting to the brain remained nearly con-
stant (+0.03 ± 5.4% per h) (Fig. 4 D and E). The differential
targeting-decrease rate between peripheral organs and the brain

resulted in significant avidin-NM targeting only to the brain
when nanomicelles were injected 8 h after the initial biotin–α-
PECAM1 injection (Fig. 4F). The shift in the avidin-NM tar-
geting profile between short (15 min) and long (8 h) injection
delay translated into a brain-to-organ targeting ratio increase
of ×71.4 against the lung, ×2.6 against the heart, and ×2.1 against
the pancreas.
Targeting of avidin-NMs into the brain was further confirmed

through ex vivo fluorescence imaging of freshly excised whole
brains and immunohistochemical staining of cryosectioned fixed
brain tissue. Visualization of nanomicelle fluorescence (Cy5)
revealed that treatment with biotinylated α-PECAM1 ligand led to
a robust increase in the accumulation of avidin-NMs throughout the
brain (Fig. 4G). Furthermore, avidin-NM accumulation was com-
parable whether nanomicelles were injected 15 min or 8 h following
biotin–α-PECAM1 ligand injection.
CLSM imaging of fixed tissue sections revealed a similarly

marked increase in avidin-NM localization in the brain tissue of
biotin–α-PECAM1 treated (8-h interval) vs. phosphate-buffered
saline (PBS)-treated mice (Fig. 4 H and I). Nanomicelle content
appeared restricted to the microvasculature, with a long,
microvessel-like fluorescence pattern seen throughout the tissue.
Nanomicelle accumulation in the brain microvasculature was
confirmed through microvessel immunostaining. Strong coloc-
alization between the nanomicelle signal and microvessel signal
was seen throughout (Fig. 4 J–L). Interestingly, high-magnification
CLSM imaging revealed that the nanomicelle signal distribution
had a discrete, punctate pattern (SI Appendix, Fig. S7), similar to
the distribution of peptides targeting cell-junction proteins in the
brain (19), indicating that avidin-NMs successfully bound to the
biotin-labeled interendothelial PECAM-1 proteins.

Table 3. Quantification of avidin functionalization by analytical ultracentrifugation (single nanomicelle
synthesis)

Sample
Sedimentation
coefficient

Molecular
mass, kDa

Molecular mass
difference, kDa

Avidin per
nanomicelle

Blank-
nanomicelles

27.2727 1,950 — —

Avidin-NMs 28.7879 2,141 191 3.2

Fig. 3. In vivo binding of α-PECAM1 antibody to microvascular walls. BALB/c mice were i.v. (tail-vein) injected with fluorescently labeled α-PECAM1 antibodies
(eFluor450 fluorophore, 25-μg antibody injection). Antibody localization was detected in the ear vasculature through in vivo CLSM. Yellow arrow, arterial
lumen; yellow and red arrowheads, arterial and venous vascular wall, respectively. A–J depict a single imaged localization at progressive time points before
and after antibody injection. (Scale bars: 50 μm.) Images are from a single mouse representative of two mice.
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Fig. 4. Specific in vivo brain targeting of avidin-NMs by retention of a biotin–α-PECAM1 ligand on the brain microvasculature surface. (A and B) Brain ECs
were labeled (in vitro) with biotin–α-PECAM1, followed by incubation with avidin-NMs. Nanomicelle uptake was assessed through fluorescence (Cy5)
quantification (A) and CLSM imaging (B). (C–L) BALB/c mice were i.v. injected with biotin–α-PECAM1 (25 μg) (or PBS) followed by i.v. avidin-NM injection after
indicated time intervals. Nanomicelle accumulation in perfused animals was assessed through quantification of nanomicelle (Cy5) fluorescence in homog-
enized organs (above PBS control) (C–E), ex vivo fluorescence imaging (G), and immunohistochemical CLSM imaging of fixed tissue (H and I). (J–L) Coloc-
alization of nanomicelles (Cy5 fluorescence) (J) with the microvasculature (visualized by staining with an independent nonbiotinylated α-PECAM1 antibody)
(K) was confirmed through merging of the two fluorescence channels (L). Results are displayed as mean ± SEM of triplicate independent wells (A) or seven
mice (five for 15-min time interval) (C–F). Slopes were calculated through linear regression analysis. *P < 0.05; **P < 0.01 (vs. respective PBS condition, as
determined by an ANOVA with Dunnett’s post hoc test comparing PBS, 15-min and 8-h conditions).
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Discussion
In the present study, we show that brain-specific targets for
nanoparticle delivery may be generated by exploiting the re-
duced endocytosis of brain ECs to promote retention of free,
unconjugated ligands on the brain microvasculature. We have
established the in vivo feasibility of this approach by demon-
strating that binding of a biotinylated anti–PECAM-1 antibody
ligand to both the peripheral and the brain microvasculature
leads to faster antibody removal from peripheral ECs, resulting
in preferential retention of biotin targets on brain ECs. Avidin-
NM targeting to the brain is consequently increased as a function
of the time interval between ligand and nanomicelle injection.
PECAM-1 was selected as a target protein as it is present in

the vasculature of the majority of tissues, yet its expression is higher
in the lung, heart, and pancreas compared to the brain (20, 21). In
line with this, functionalization with α-PECAM-1 antibodies has
been shown to promote higher targeting of nanoparticles into the
lung and heart over the brain (22, 23). In addition, PECAM-1 has
been shown to be endocytically removed from the surface of pe-
ripheral ECs within hours (24, 25), as well as being highly associated
with caveolae-mediated endocytosis (26–28). Therefore, PECAM-1
was an ideal target protein to examine whether the higher imper-
meability of the BBB (which is a direct consequence of reduced
constitutive caveolar endocytosis) could be harnessed to achieve
specific nanoparticle brain targeting employing ligands lacking in-
trinsic brain-targeting capacity.
One apparent limitation of targeting a nontransporter protein

such as PECAM-1 to generate brain-specific targets would be its
inability to induce nanoparticle transcytosis across brain endo-
thelia to reach the brain parenchyma. However, increasing evi-
dence indicates that brain penetration of nanoparticles is not
strictly reliant on the transporter function of target proteins. For
instance, nanoparticles targeting the membrane channel trans-
porters Glut-1, nAchR, SLC7A5, or ChT (5, 29–32) have been
shown to be transcytosed into the brain, despite the fact that
these target proteins, due to their size, are unable to transport
nanoparticles through their “normal” biological functions. Sim-
ilarly, functionalization with α-PECAM-1 antibodies has been
shown to successfully transcytose iron oxide nanoparticles across
the BBB into the brain parenchyma (23). Instead, nanoparticle
brain entry may rely on increasing nanoparticle interaction with
the cell surface, as is the case for the well-described brain-entry
mechanism of adsorptive-mediated transcytosis (33). Indeed,
both the nanometrical curvature (34) and the protein-clustering
ability of multivalent nanoparticles (35, 36) have been shown to
promote endocytic cellular internalization, which, under appro-
priate conditions, would promote release into the brain paren-
chyma. Therefore, the retention of avidin-NMs in the brain
microvasculature seen in the current study is more readily
explained by the high affinity of avidin to biotin, resulting in the
inability of the nanomicelle to dissociate from the internalized
endocytic membrane. Indeed, nanoparticle avidity is well known
to modulate the passage of nanoparticles into the brain paren-
chyma (37, 38). Therefore, future studies will optimize nano-
particle design by employing linkers with tuned affinity (e.g.,
aptamer–aptamer interaction) or pH-sensitive nanomicelle
functionalization to promote detachment from target proteins
within the endocytic vesicle and promote release into the brain
parenchyma. In addition, the use of aptamers instead of anti-
bodies as display ligands may promote more efficient transcytosis
due to their smaller size and, hence, steric hinderance. In addi-
tion, aptamers may provide a better safety profile due to reduced
immunogenicity.
Having said this, the current strategy’s ability to achieve spe-

cific targeting of drug-loaded nanoparticles to brain ECs, even
without actual penetration into the brain parenchyma, would
have significant therapeutic advantages for strategies aiming to

induce neuroprotection through modulation of endothelial function
(39–41) or by employing the brain microvasculature as a cellular
reservoir for therapeutic proteins (42). Regarding Alzheimer’s disease
in particular, the current targeting strategy would have important
advantages for selectively modulating the impaired vascular-mediated
clearance of amyloid-β from the brain (43, 44), or selective opening of
the BBB to allow brain entry of drug compounds (45), without af-
fecting endothelial function in the periphery. While organs with
higher endocytic vasculature might more efficiently transport nano-
particles to the parenchyma, a point which we have not been able to
assess with the use of whole-organ homogenates, our strategy would
still result in a significant decrease in nanoparticle entry into the
parenchyma of peripheral organs due to reduced vascular labeling,
resulting in a significant increase in brain-to-periphery nanoparticle
delivery.
A more significant limitation of employing PECAM-1 to

generate brain-specific targets would be its interendothelial lo-
calization. While PECAM-1 is known to be expressed by venous,
capillary, and arterial ECs in the brain microvasculature (20),
such relatively limited interendothelial distribution would allow
for only a fraction of the cell surface to display targets, thereby
not achieving maximal nanoparticle uptake. Importantly, how-
ever, the current in vitro studies, given that they achieved pref-
erential uptake of nanoparticles into brain ECs by indiscriminately
biotinylating all cell-surface proteins, indicate that brain-specific
target generation would be achievable by employing other pro-
teins besides PECAM-1. Therefore, it will be of interest in future
studies to identify proteins with more general cell-surface distribu-
tion which have significantly different endocytic rates between the
brain and peripheral endothelium, thereby allowing maximal brain-
specific target generation for increased nanoparticle uptake. To
maximize clinical translation of this targeting strategy, it will be
important to ensure that endocytic rates of identified proteins are
comparable between animal models and patients, as well as fully
characterizing the processing of the labeling ligands to properly
understand their toxicity profile.

Conclusions
The present work demonstrates a simple, yet counterintuitive,
strategy to specifically target nanoparticles to the brain through
generation of brain-specific targets by exploiting the high im-
permeability of the BBB. Such an approach has the potential to
revolutionize brain-targeting strategies by 1) moving away from
directly functionalizing nanoparticles with targeting ligands, to
instead adopt a two-step delivery strategy capable of displaying
free targeting ligands on the brain microvasculature to achieve
genuine nanoparticle brain targeting over peripheral organs; and
2) shift the target-protein identification process from having a
focus on proteins with overexpression at the brain microvascu-
lature to instead identify proteins with significantly different
endocytic rates between the peripheral and brain microvascula-
ture, thereby expanding the target-protein repertoire to achieve
genuine brain targeting capable of increasing therapeutic deliv-
ery to the brain, as well as decreasing clinically restrictive pe-
ripheral side effects.

Materials and Methods
Nanomicelle Synthesis and Avidin Functionalization. Nanomicelles were as-
sembled from oppositely charged block copolymers consisting of a poly
(ethylene glycol) (PEG) (2.2 k) segment tandemly coupled to either an
anionic polypeptide [poly(α,β-aspartic acid)] or a cationic polypeptide
[poly(5-aminopentyl-α,β-aspartamide)] (average degree of polymerization =
75) segment. A reactive azide (N3) group was attached to the α end of the
PEG segment of anionic block copolymers (hereafter, N3-anions) to allow
functionalization of DBCO-linked proteins through Click chemistry. A frac-
tion of cationic block copolymers were tagged with a Cy5 fluorophore onto
the ω end of the polypeptide chain (hereafter, Cy5-cation) to allow for
nanomicelle quantification and imaging. Copolymers were blended in
10 mM phosphate buffer (PB; pH 7.4) (N3-anion:Cy5-cation:untagged-cation
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volume ratio = 10:4:16 at 1 mg/mL) to promote self-assembly of nano-
micelles with a hydrophilic, noncharged PEG shell with azide reactive group-
surface decoration, and Cy5 fluorescence at the core of the nanomicelle. The
nanomicelle structure was then stabilized by cross-linking cationic and an-
ionic polypeptide segments with 1-ethyl-3-(3-dimethylaminopropyl) carbo-
diimide (EDC; 15 h, room temperature), followed by washing through
Vivaspin filters (100 kDa molecular mass cutoff [MMCO], polyethersulfone
[PES] membrane) (Sartorius) with 10 mM PB (pH 7.4) to remove EDC. The
functionality of the decorating N3 groups was confirmed by synthesizing
nanomicelles with increasing percentage of N3 anions (by varying the ratio
of N3-terminated to MeO-terminated anions) and reacting them with fluo-
rescently labeled DBCO. As expected, increasing the percentage of N3 anions
composing the nanomicelle resulted in increased DBCO incorporation, with
no incorporation seen for 0% N3 nanomicelles (SI Appendix, Fig. S8), thereby
demonstrating the capacity of the N3 decoration to mediate Click chemistry
on the nanomicelle surface.

Deglycosylated tetrameric avidin (Neutravidin, 60 kDa molecular mass,
FITC-tagged) (ThermoFisher) was reacted with maleimide–PEG4–DBCO
(Mal-PEG4-DBCO) (×10 molar excess Mal-PEG4-DBCO) in 10 mM PB at pH 8.5
(15 h, room temperature) to promote binding of maleimide onto primary
amines on the protein (46). Unreacted Mal-PEG4-DBCO was removed by
dialysis (3.6 kDa MMCO, PES membrane) against 10 mM PB (pH 7.4), with
200 mM arginine (10 mM PB/Arg) to prevent protein aggregation.

DBCO-linked avidin was then attached to N3-decorated nanomicelles by
mixing at a 5:1 (protein:nanomicelle) molar ratio in 10 mM PB/Arg (15 h,
room temperature). Unreacted avidin proteins were removed by
washing through Vivaspin filters (100 kDa MMCO) with 10 mM PB/Arg. To
remove contaminating avidin aggregates, avidin-NMs were filtered through
a 0.2-μm PES filter (Millipore) with Dulbecco’s PBS (D-PBS) without calcium or
magnesium. Avidin-NMs were diluted to a concentration of 1 mg/mL (polymer
weight) and kept in D-PBS to allow for direct in vivo injection.

DLS. Avidin-NM population size (hydrodynamic diameter) and dispersity
were measured through DLS at 25 °C in D-PBS (1 mg/mL) with a Zetasizer
Nano ZS Zen3500 (173° backscatter measurement angle) (Malvern Instru-
ments Ltd.) in a Malvern QS quartz cuvette (Zen2112).

TEM. TEM micrographs of the core structure of polymeric micelle were ac-
quired with a JEM-1400 electron microscope (JOEL). Briefly, a copper TEM
grid with a carbon-coated collodion membrane (Nisshin EM) was glow-
discharged in an Eiko IB-3 ion coater (Eiko). The grid was captured with
forceps at its carbon side up by gripping the outermost edge. Two microli-
ters of the polymeric micelle solution was applied onto the grid, followed by
mixing of 2 μL of uranyl acetate (2% [wt/vol]) solution. The solution was
placed on the grid for 30 s to allow deposition of polymeric micelle onto the
collodion membrane. The excess solution was blotted with a piece of filter
paper, and the sample was air-dried for 15 min at room temperature. The
grid was mounted into the TEM machine for imaging, conducted at an ac-
celeration voltage of 120 kV. The nanomicelle core diameter was calculated
from 369 individual nanomicelles by using ImageJ 1.48v software (NIH).

FCS. Diffusion times were calculated from the autocorrelation functions of
free DBCO-avidin proteins and avidin-NMs (measured in separate samples,
both in D-PBS, at 100 nM avidin concentration) through FCS employing an
LSM880 microscope equipped with a C-Apochromat 40× (water immersion)
objective (Carl Zeiss). Autocorrelation functions were obtained from either
the fluorescence signals of FITC or Cy5 separately. In-built software was
employed to convert autocorrelation functions to diffusion times. The
number of avidin proteins per nanomicelle was calculated by dividing the
FITC fluorescence cpm of avidin-NMs by the cpm of free avidin-DBCO.

AUC.AUCwas performed by using an analytical ultracentrifuge (Optima XL-1,
Beckman Coulter) equipped with an AnTi60 rotor cell that was able to house
three sets of 1.2-mm two-channel Epon-filled centerpieces. The measure-
ment was carried out by setting the detection of absorbance at 650 nm and
the rotation speed to 18,000 rpm (26,081 × g), at 20 °C. Radial absorbance
data were collected in continuous-scanning mode at 0.002-cm increments
and 3-min intervals for a total of 120 scans. Acquired sedimentation
boundaries were fitted based on the Lamm equation using the continuous-
sedimentation coefficient model in the SEDFIT software to calculate the
distribution of sedimentation coefficient (in Svedberg units) with the fol-
lowing parameters: resolution, 100 S; smin, 0 S; smax, 150 S; friction, 1.2 μ;
buffer density, 1.02 g/cm3; viscosity, 0.01002 poise; and partial specific vol-
ume, 0.73 cm3/g. Sedimentation coefficient was converted to molecular mass
(M) by the Svedberg equation:

M = RTs=((1 − νρ)D),
where s is the sedimentation coefficient, R is the gas constant, T is the ab-
solute temperature, v is the partial specific volume, ρ is the solution density,
and D is the diffusion coefficient (calculated by using the Einstein–Stokes
equation with the DLS diameter).

Primary Brain EC Isolation and Culturing. Primary brain ECs were isolated as
described (6). Rats (Sprague–Dawley, female, 8 wk old) were killed, and the
brain cortex was isolated over dissection buffer (Hanks’ Balanced Salt Solu-
tion [HBSS]/1% bovine serum albumin [BSA]/2% penicillin/streptomycin [Pen/
Strep, 4 °C). Following removal of the meninges and visible blood vessels, the
cortex was homogenized and incubated in digestion buffer (Dulbecco’s
modified Eagle medium/Ham’s F-12 with collagenase, dispase, DNase type I,
and trypsin) at 37 °C. The digest was centrifuged in separation gradient
buffer (25% BSA in HBSS), and the microvessel pellet was further incubated
in digestion buffer (1 h, 37 °C). The microvessel fragments were collected by
centrifugation and plated on Cell-BIND T75 cell-culture flasks (Corning)
coated with calf-skin collagen type I and bovine plasma fibronectin in
EC growth medium MV2 (PromoCell), supplemented with vascular endo-
thelial growth factor (VEGF; 0.5 ng/mL) (unless otherwise stated), insulin-like
growth factor 1 (20 ng/mL), epidermal growth factor (5 ng/mL), basic fi-
broblast growth factor (10 ng/mL), hydrocortisone (200 ng/mL), ascorbic acid
(1,000 ng/mL), 5% (vol/vol) fetal calf serum, and 5% Pen/Strep (hereafter
termed full MV2 medium) with 4 μg/mL puromycin and 100 μg/mL EC growth
supplement. After 5 d culturing (37 °C, 5% CO2), the culture medium was
changed to low puromycin (1 μg/mL) until reaching confluency. For experi-
mentation, cells were detached with trypsin/ethylenediaminetetraacetic acid
solution and plated in appropriate cell-culture plates (coated with collagen/
fibronectin) in full MV2 medium. Once cells reached 90% confluency (after
c. 4 d), the medium was changed to full MV2 medium with no VEGF
(hereafter termed NV-MV2) for 3 d to allow full adoption of a BBB
phenotype before experimentation began.

Peripheral EC Culturing. Human umbilical vein ECs (HUVECs), employed as an
in vitro model of peripheral vasculature ECs (47–49) were obtained from the
Japanese Collection of Research Bioresources cell bank and employed be-
tween passages 2 and 7. HUVEC culturing, collection, and plating conditions
were identical to primary brain ECs (see above), with the exception of cul-
turing in NV-MV2 medium.

In Vitro Nanomicelle Uptake into Biotinylated ECs. Biotin targets were gen-
erated on EC surfaces by employing the cell-impermeable biotinylating agent
sulfo-NHS-LC-biotin (EZ-Link, ThermoScientific), capable of binding to pri-
mary amines of cell-surface proteins through its N-hydroxysuccinimide
moiety. Cells were washed with ice-cold HBSS and incubated with
sulfo-NHS-LC-biotin (500 μg/mL in HBSS, 20 min, 4 °C). Cells were then
washed with ice-cold HBSS and either directly treated with nanomicelles
(either blank nanomicelles or avidin-NMs at a concentration of 200 μg/mL in
culturing medium) (at 37 °C or 4 °C for specified time points) or incubated
(37 °C) in culturing medium for specified time points before nanomicelle
treatment (as above). Cells were then thoroughly washed with culturing
medium, stained with Hoechst dye (in culturing medium), and fixed (4%
paraformaldehyde [PFA]). Nanomicelle uptake was assessed by quantifying
Cy5 fluorescence in an Infinite M1000 Pro fluorescence microplate reader
(Tecan) and by visualizing nanomicelle localization through CLSM imaging
of Cy5 or FITC fluorescence signal (LSM880 Carl Zeiss microscope).

In experiments employing biotin–α-PECAM1 antibody to generate biotin
targets on the EC surface, the same above protocol was applied, except that
cells were incubated with biotin–α-PECAM1 (in culturing medium) at 37 °C
for 1 h, followed by incubation with avidin-NMs (200 μg/mL in culturing
medium) for 90 min after appropriate washes (all HBSS washes were done
with room-temperature HBSS).

In Vivo CLSM. Mice were anesthetized with 2.5% isolfuorane and directly
placed on a thermoplate (Tokai Hit). The ear was placed flat against a viewing
glass coverslip, and a canulae was inserted into the tail vein. An A1R CLSM
system attached to an upright ECLIPSE FN1microscope (Nikon) was employed
for image capture. Ear-vasculature imaging region was set by using auto-
fluorescence (488 laser excitation) of the tissue. Intravascular antibody
(eFluor450 conjugated) circulation was imaged with a 405 laser excitation.
Fluorescence signal was detected within a c. 10-μm-thick plane (pinhole
size = 109.8 μm; magnification ×20) at 10-s (first 5 min) or 1-min (subsequent
captures) intervals. Antibody injection (25 μg) was administered through the
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tail-vein canulae during the first 10-s interval following the first
image capture.

In Vivo Nanomicelle Uptake following Microvascular Biotin-Target Generation.
Balb-c mice (female, 5 wk old) were systemically (tail-vein) injected with
D-PBS or biotin–α-PECAM1 (monoclonal rat anti-mouse, 25 μg; Thermo-
Fisher). Following appropriate time intervals, the mice were systemically
(tail-vein) injected with avidin-NM (200 μg in D-PBS). After 16 h, the mice
were anesthetized (isofluorane) and perfused with D-PBS (transhepatic
perfusion followed by transcardial perfusion) before organ collection into
D-PBS and weighing. Organs were then homogenized in a multibead
shocker homogenizer (Yasui Kikai) in passive lysis buffer (Promega), fol-
lowed by nanomicelle fluorescence quantification in the homogenates with
an Infinite M1000 Pro fluorescence microplate reader (Tecan). A subset of
brains from selected groups was dissected into two hemispheres before
homogenization in order to process one hemisphere for immunohisto-
chemistry. The nonhomogenized hemisphere was submerged in 4% PFA
(4 °C, 24 h), followed by cryoprotection in 20% sucrose (4 °C, 24 h). The
hemisphere was then cryosectioned into 20-μm slices and mounted onto
glass slides for immunostaining.

Biotin–α-PECAM1 Antibody Ligand Conjugation onto Avidin-NMs. To examine
the biodistribution of avidin-NMs preconjugated with biotin–α-PECAM1,
avidin-NMs (200 μL, 1 mg/mL) were incubated with biotin–α-PECAM1 (50 μL,
500 μg/mL) at 4 °C for 72 h. Mice were then injected with the total 250 μL
mixture solution to maintain nanomicelle and antibody ligand amount
equal to those in endothelial-labeling experiments (see above). The mice
were perfused 16 h following nanomicelle injection, and nanomicelle ac-
cumulation in organs was quantified as before.

Ex Vivo Whole-Brain Fluorescence Imaging. Whole brains were excised fol-
lowing perfusion, as described above. The brainswere placed inside an In Vivo

Imaging System (Perkin-Elmer), and single Cy5 fluorescence images were
captured for all comparison brains.

Immunohistochemistry. Tissue slices were blocked with 100% Blocking One
solution (Nacalai Tesque) prior to staining with α-PECAM-1 (rat anti-mouse,
SantaCruz) (700 ng/mL diluted in PBS/0.1% Tween) (16 h, 4 °C). Following
washing with PBS/0.1% Tween, tissue was stained with Alexa 555 goat anti-
rat (1:300 dilution, 2 h, room temperature). Cell nuclei were visualized by
saturating the tissue with Prolong Gold DAPI mounting medium (Invitrogen)
before covering with a glass coverslip for confocal microscopy visualization
(LSM880 Carl Zeiss microscope).

Minimal staining was seen when the primary antibody was omitted (SI
Appendix, Fig. S9), indicating that Alexa 555 goat anti-rat secondary anti-
body recognized the α-PECAM-1 antibody employed for immunostaining
and not the biotin–α-PECAM-1 antibody previously administered as a
targeting ligand.

Statistics. Statistical analysis was carried out through linear and nonlinear
(one-phase decay) regression analysis, one-way ANOVA (with Tukey’s post
hoc tests), and t tests (unpaired, two-way) for indicated experiments with
the use of GraphPad Prism software.

Data Availability. Full experimental data sets may be found in the public
repository Open Science Framework through https://osf.io/N39XK/.
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